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(£) Superelastic guiding member. 

© An improved guiding member for advancing a 
catheter within a body lumen having a unique com- 
bination of superelastic characteristics. The super- 
elastic alloy material has a composition consisting of 
titanium and nickel and may have one or more 
elements selected from the group consisting of iron, 
cobalt, vanadium and copper. The alloy material is 
cold worked and then heat treated at a temperature 
well above the austenite-to-martensite transformation 
temperature, while being subjected to longitudinal 



stresses equal to about 5 to about 50% of the room 
temperature yield stress to impart to the metal a 
straight "memory*. The guiding member using such 
improved material exhibits a stress-induced 
austenite-to-martensite phase transformation at an 
exceptionally high constant yield strength of at least 
90 ksi for solid members and at least 70 ksi for 
tubular members with a broad recoverable strain of 
at least about 4% during the phase transformation. 




Rank Xerox (UK) Business Services 



1 



EP 0 491 349 A2 



2 



BACKGROUND OF THE INVENTION 

This invention relates to the field of medical 
devices, and more particularly to guiding means 
such as guidewires for advancing catheters within 
body lumens in procedures such as percutaneous 
transluminal coronary angioplasty (PTCA). 

In typical PTCA procedures a guiding catheter 
having a preformed distal tip is percutaneously 
introduced into the cardiovascular system of a pa- 
tient in a conventional Seldinger technique and 
advanced therein until the distal tip of the guiding 
catheter is seated in the ostium of a desired coro- 
nary artery. A guidewire is positioned within an 
inner lumen of a dilatation catheter and then both 
are advanced through the guiding catheter to the 
distal end thereof. The guidewire is first advanced 
out of the distal end of the guiding catheter into the 
patient's coronary vasculature until the distal end of 
the guidewire crosses a lesion to be dilated, then 
the dilatation catheter having an inflatable balloon 
on the distal portion thereof is advanced into the 
patient's coronary anatomy over the previously in- 
troduced guidewire until the balloon of the dilata- 
tion catheter is properly positioned across the le- 
sion. Once in position across the lesion, the balloon 
is inflated to a predetermined size with radiopaque 
liquid at relatively high pressures (e.g. greater than 
4 atmospheres) to compress the arteriosclerotic 
plaque of the lesion against the inside of the artery 
wall and to otherwise expand the inner lumen of 
the artery. The balloon is then deflated so that 
blood flow is resumed through the dilated artery 
and the dilatation catheter can be removed there- 
from. 

Conventional guidewires for angioplasty and 
other vascular procedures usually comprise an 
elongated core member with one or more tapered 
sections near the distal end thereof and a flexible 
body such as a helical coil disposed about the 
distal portion of the core member. A shapable 
member, which may be the distal extremity of the 
core member or a separate shaping ribbon which is 
secured to the distal extremity of the core member 
extends through the flexible body and is secured to 
a rounded plug at the distal end of the flexible 
body. Torquing means are provided on the proxi- 
mal end of the core member to rotate, and thereby 
steer, the guidewire while it is being advanced 
through a patient's vascular system. 

Further details of dilatation catheters, 
guidewires, and devices associated therewith for 
angioplasty procedures can be found in U.S. Patent 
4,323,071 (Simpsons-Robert); U.S. Patent 
4,439,185 (Lundquist); U.S. Patent 4,516,972 
(Samson); U.S. Patent 4,538,622 (Samson et a/.); 
U.S. Patent 4,554,929 (Samson et a/.); U.S. Patent 
4,616,652 (Simpson); and U.S. Patent 4,638,805 



(Powell) which are hereby incorporated herein in 
their entirety by reference thereto. 

Steerable dilatation catheters with fixed, built-in 
guiding members, such as described in U.S. Patent 

5 4,582,181 (now Re 33,166) are frequently used 
because they have lower deflated profiles than 
conventional over-the-wire dilatation catheters and 
a lower profile allows the catheter to cross tighter 
lesions and to be advanced much deeper into a 

70 patient's coronary anatomy. 

A major requirement for guidewires and other 
guiding members, whether they be solid wire or 
tubular members, is that they have sufficient col- 
umnar strength to be pushed through a patient's 

75 vascular system or other body lumen without kin- 
king. However, they must also be flexible enough 
to avoid damaging the blood vessel or other body 
lumen through which they are advanced. Efforts 
have been made to improve both the strength and 

20 flexibility of guidewires to make them more suitable 
for their intended uses, but these two properties 
are for the most part diametrically opposed to one 
another in that an increase in one usually involves 
a decrease in the other. 

25 The prior art makes reference to the use of 

alloys such as Nitinol (Ni-Ti alloy) which have 
shape memory and/or superelastic characteristics 
in medical devices which are designed to be in- 
serted into a patient's body. The shape memory 

30 characteristics allow the devices to be deformed to 
facilitate their insertion into a body lumen or cavity 
and then be heated within the body so that the 
device returns to its original shape. Superelastic 
characteristics on the other hand generally allow 

35 the metal to be deformed and restrained in the 
deformed condition to facilitate the insertion of the 
medical device containing the metal into a patient's 
body, with such deformation causing the phase 
transformation. Once within the body lumen the 

40 restraint on the superelastic member can be re- 
moved, thereby reducing the stress therein so that 
the superelastic member can return to its original 
undeformed shape by the transformation back to 
the original phase. 

45 Alloys having shape memory/superelastic char- 

acteristics generally have at least two phases. 
These phases are a martensite phase, which has a 
relatively low tensile strength and which is stable at 
relatively low temperatures, and an austenite 

so phase, which has a relatively high tensile strength 
and which is stable at temperatures higher than the 
martensite phase. 

Shape memory characteristics are imparted to 
the alloy by heating the metal at a temperature 

55 above which the transformation from the martensite 
phase to the austenite phase is complete, i.e. a 
temperature above which the austenite phase is 
stable. The shape of the metal during this heat 
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treatment is the shape "remembered". The heat 
treated metal is cooled to a temperature at which 
the martensite phase is stable, causing the 
austenite phase to transform to the martensite 
phase. The metal in the martensite phase is then 
plastically deformed, e.g. to facilitate the entry 
thereof into a patient's body. Subsequent heating 
of the deformed martensite phase to a temperature 
above the martensite to austenite transformation 
temperature causes the deformed martensite phase 
to transform to the austenite phase and during this 
phase transformation the metal reverts back to its 
original shape. 

The prior methods of using the shape memory 
characteristics of these alloys in medical devices 
intended to be placed within a patient's body pre- 
sented operational difficulties. For example, with 
shape memory alloys having a stable martensite 
temperature below body temperature, it was fre- 
quently difficult to maintain the temperature of the 
medical device containing such an alloy sufficiently 
below body temperature to prevent the transforma- 
tion of the martensite phase to the austenite phase 
when the device was being inserted into a patient's 
body. With intravascular devices formed of shape 
memory alloys having martensite-to-austenite 
transformation temperatures well above body tem- 
perature, the devices could be introduced into a 
patient's body with little or no problem, but they 
had to be heated to the martensite-to-austenite 
transformation temperature which was frequently 
high enough to cause tissue damage and very high 
levels of pain. 

When stress is applied to a specimen of a 
metal such as Nitinol exhibiting superelastic char- 
acteristics at a temperature above which the 
austenite is stable {i.e. the temperature at which 
the transformation of martensite phase to the 
austenite phase is complete), the specimen de- 
forms elastically until it reaches a particular stress 
level where the alloy then undergoes a stress- 
induced phase transformation from the austenite 
phase to the martensite phase. As the phase trans- 
formation proceeds, the alloy undergoes significant 
increases in strain but with little or no correspond- 
ing increases in stress. The strain increases while 
the stress remains essentially constant until the 
transformation of the austenite phase to the mar- 
tensite phase is complete. Thereafter, further in- 
crease in stress are necessary to cause further 
deformation. The martensitic metal first yields elas- 
tically upon the application of additional stress and 
then plastically with permanent residual deforma- 
tion. 

If the load on the specimen is removed before 
any permanent deformation has occurred, the mar- 
tensitic specimen will elastically recover and trans- 
form back to the austenite phase. The reduction in 



stress first causes a decrease in strain. As stress 
reduction reaches the level at which the martensite 
phase transforms back into the austenite phase, the 
stress level in the specimen will remain essentially 

5 constant (but substantially less than the constant 
stress level at which the austenite transforms to the 
martensite) until the transformation back to the 
austenite phase is complete, i.e. there is significant 
recovery in strain with only negligible correspond- 

io ing stress reduction. After the transformation back 
to austenite is complete, further stress reduction 
results in elastic strain reduction. This ability to 
incur significant strain at relatively constant stress 
upon the application of a load and to recover from 

is the deformation upon the removal of the load is 
commonly referred to as superelasticity or 
pseudoelasticity. 

The prior art makes reference to the use of 
metal alloys having superelastic characteristics in 

20 medical devices which are intended to be inserted 
or otherwise used within a patient's body. See for 
example, U.S. Patent 4,665,905 (Jervis) and U.S. 
Patent 4,925,445 (Sakamoto et a/.). 

The Sakamoto et al. patent discloses the use 

25 of a nickel-titanium superelastic alloy in an in- 
travascular guidewire which could be processed to 
develop relatively high yield strength levels. How- 
ever, at the relatively high yield stress levels which 
cause the austenite-to-martensite phase transfor- 

30 mation characteristic of the material, it did not have 
a very extensive stress-induced strain range in 
which the austenite transforms to martensite at 
relative constant stress. As a result, frequently as 
the guidewire was being advanced through a pa- 

35 tient's tortuous vascular system, it would be 
stressed beyond the superelastic region, i.e. de- 
velop a permanent set or even kink which can 
result in tissue damage. This permanent deforma- 
tion would generally require the removal of the 

40 guidewire and the replacement thereof with an- 
other. 

Products of the Jervis patent on the other hand 
had extensive strain ranges, i.e 2 to 8% strain, but 
the relatively constant stress level at which the 
45 austenite transformed to martensite was very low, 
e.g. 50 ksi. 

What has been needed and heretofore unavail- 
able is an elongated body for intravascular devices, 
such as guide wires or guiding members, which 

so have at least a solid or tubular portion thereof 
exhibiting superelastic characteristics including an 
extended strain region over a very high, relatively 
constant high stress level which effects the 
austenite transformation to martensite. The present 

55 invention satisfies this need. 

SUMMARY OF THE INVENTION 
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Disclosed herein is an intravascular guidewire 
comprising an elongated member having a proxi- 
mal portion and a distal portion and being formed 
at least in part of a superelastic alloy having an 
austenite phase which is stable at a temperature 
below body temperature, which transforms to a 
martensite phase at a stress above about 70 ksi 
and which exhibits a strain of at least about 4% 
from the stress applied to induce the austenite to 
martensite phase transformation; a flexible body 
disposed about the distal portion; and means on 
the proximal end of the elongated member to 
torque this member and transmit such torque to the 
distal end of the guidewire. 

The present invention is directed to an im- 
proved superelastic body which is suitable for in- 
travascular devices, such as guidewires or guiding 
members, wherein superelastic characteristics re- 
sult from the stress-induced transformation of 
austenite to martensite. 

The superelastic body of the invention exhibits 
a stress-induced phase transformation at body tem- 
perature (about 37° C) at a stress level above 
about 70 ksi, preferably above 90 ksi. The com- 
plete stress-induced transformation of the austenite 
phase to the martensite phase causes a strain in 
the specimen of at least about 4%, preferably over 
5%. The region of phase transformation resulting 
from stress preferably begins when the specimen 
has been strained about 2 to 3% at the onset of 
the phase change from austenite to martensite and 
extends to about 7 to about 9% strain at the 
completion of the phase change. The stress and 
strain referred to herein is measured by tensile 
testing. The stress-strain relationship determined 
by applying a bending moment to a cantilevered 
specimen is slightly different from the relationship 
determined by tensile testing because the stresses 
which occur in the specimen during bending are 
not as uniform as they are in tensile testing. There 
is considerably less change in stress during the 
phase transformation than either before or after the 
stress-induced transformation. In some instances 
the stress level is almost constant. 

The elongated portion of the guiding member 
having superelastic properties is preferably formed 
from an alloy consisting essentially of about 40 to 
49% titanium and the balance nickel and up to 
10% of one or more additional alloying elements. 
Such other alloying elements may be selected 
from the group consisting of up to 3 % each of 
iron, cobalt and chromium and up to about 10% 
copper and vanadium. As used herein all referen- 
ces to percent composition are atomic percent 
unless otherwise noted. 

To form the elongated superelastic portion of 
the guiding member, elongated solid rod or tubular 
stock of the preferred alloy material is first cold 



worked, preferably by drawing, to effect a size 
reduction of about 30% to about 70% in the trans- 
verse cross section thereof. The cold worked ma- 
terial may then be given a memory imparting heat 
5 treatment at a temperature of about 350" to about 
600* C for about 0.5 to about 60 minutes, while 
maintaining a longitudinal stress on the elongated 
portion equal to about 5% to about 50%, preferably . 
about 10% to about 30%, of the yield stress of the 
w material (as measured at room temperature). This 
thermomechanical processing imparts a straight 
"memory" to the superelastic portion and provides 
a relatively uniform residual stress in the material. 
Another method involves mechanically straighten- 
75 ing the wire after the cold work and then heat 
treating the wire at temperatures between about 
300 degrees and 450 degrees C, preferably about 
330 degrees to about 400 degrees C.The latter 
treatment substantially higher tensile properties. 
20 The cold worked and heat treated alloy material 
has an austenite finish transformation temperature 
less than body temperature and generally about 
-10° to about 30° C. For more consistent final 
properties, it is preferred to fully anneal the solid 
25 rod or tubular stock prior to cold work so that the 
material will always have the same metallurgical 
structure at the start of the cold working and so 
that it will have adequate ductility for subsequent 
cold working. It will be appreciated by those skilled 
30 in the art that means of cold working the metal 
other than drawing, such as rolling or swaging, can 
be employed. For example, superelastic wire ma- 
terial of the invention will have a constant stress 
level usually above 90 ksi, whereas, superelastic 
35 tubing material will have a constant stress level of 
above 70 ksi. The ultimate tensile strength of both 
forms of the material is well above 200 ksi with an 
ultimate elongation at failure of about 15%. 

The elongated body of the invention exhibits a 
40 stress-induced austenite-to-martensite phase trans- 
formation over a broad region of strain at a very 
high, relatively constant stress levels. As a result a 
guiding member formed of this material is very 
flexible, it can be advanced through very tortuous 
45 passageways such as a patient's coronary vascula- 
ture with little risk that the superelastic portion of 
the guiding member will develop a permanent set 
and at the same time it will effectively transmit the 
torque applied thereto without causing the guiding 
so member to whip. 

These and other advantages of the invention 
will become more apparent from the following de- 
tailed description thereof when taken in conjunction 
with the following exemplary drawings. 

55 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates a guidewire which embodies 
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features of the invention. 

FIG. 2 illustrates another embodiment of a 
guidewire of the invention. 

FIG. 3 is a partial side elevational view, partially 
in section, of a guiding member embodying fea- 
tures of the invention which is incorporated into a 
fixed-wire dilatation catheter adapted for balloon 
angioplasty procedures. 

FIG. 4 is a schematic, graphical illustration of 
the stress-strain relationship of superelastic ma- 
terial. 

DETAILED DESCRIPTION OF THE INVENTION 

FIG. 1 illustrates a guidewire 10 embodying 
features of the invention that is adapted to be 
inserted into a body lumen such as an artery. The 
guidewire 10 comprises an elongated body or core 
member 11 having an elongated proximal portion 
\? and a distal portion 13, at least part of which, 
prnterably the distal portion, is formed of super- 
oiastic material of the invention. The distal portion 
13 has a plurality of sections 14, 15 and 16 having 
sequentially smaller diameters with tapered sec- 
tions 17. 18 and 19 connecting the smaller diam- 
eter sections with adjacent sections. The elongated 
proximal portion 12 is provided with a female distal 
end 20 which receives the male end 21 of the 
distal portion 13. The ends 20 and 21 may be 
press fit together or may be secured together by 
means such as a suitable adhesive or by welding, 
brazing or soldering. 

A helical coil 22 is disposed about the distal 
portion 13 and has a rounded plug 23 on the distal 
end thereof. A shaping ribbon 24 is secured by the 
proximal end thereof to the distal portion 13 by 
suitable means such as brazing at location 25 and 
by the distal end thereof to the rounded plug 23 
which is usually formed by welding the distal end 
of the coil 22 to the distal tip of the shaping ribbon. 
The coil 22 is also secured to the distal portion 13 
of the elongated body 11 at location 25 and at 
location 26 to the tapered section 17. Preferably, 
the most distal section 27 of the helical coil 22 is 
made of radiopaque metal such as platinum or 
alloys thereof to facilitate the observation of the 
distal portion of the guidewire while it is disposed 
within a patient's body. 

The exposed portion of the elongated body 1 1 
should be provided with a coating 28 of lubricous 
material such as polytetrafluoroethylene (sold un- 
der the trademark Teflon by du Pont) or other 
suitable lubricous coatings such as the polysilox- 
ane coatings disclosed in United States application 
Serial No. 559,373, filed July 24, 1990 which is 
hereby incorporated by reference. 

Fig. 2 illustrates another embodiment of a 
guidewire which incorporates features of the inven- 
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tion. This embodiment is very similar to the em- 
bodiment shown in Fig. 1 except that the entire 
elongated body 11 is formed of material having 
superelastic characteristics and the distal portion 

5 13 of the core member 11 extends all the way to 
the plug 23 and is preferably flattened at its most 
distal extremity 29 as ribbon 24 in the embodiment 
shown in Fig. 1. All of the parts of the guidewire 
shown in Fig. 2 which correspond to the parts 

io shown in Fig. 1 are numbered the same as in Fig. 
1. 

Fig. 3 illustrates a fixed wire, steerable dilata- 
tion catheter 40 which has incorporated therein a 
guiding member 41 in accordance with the inven- 
ts tion. In this embodiment, the catheter 40 includes 
an elongated tubular member 42 having an inner 
lumen 43 extending therein and an inflatable, rela- 
tively inelastic dilatation balloon 44 on the distal 
extremity of the tubular member. Guiding member 

20 41 which includes an elongated body 45, a helical 
coil 46 disposed about and secured to the distal 
end of the elongated body 45 and a shaping ribbon 
50 extending from the distal end of the elongated 
body to rounded plug 51 at the distal end of the 

25 coil 46. The proximal portion 52 of the elongated 
body 45 is disposed within the inner lumen 43 of 
the tubular member 42 and the distal portion 53 of 
the elongated body 45 extends through the interior 
of the dilatation balloon 44 and out the distal end 

30 thereof. The distal end of the balloon 44 is twisted 
and sealed about the distal portion 53 of the elon- 
gated body 45 extending therethrough in a manner 
which is described in more detail in United States 
application Serial No. 521,103, filed May 9, 1990, 

35 which is hereby incorporated herein by reference. 
The helical coil 46 is secured to the distal portion 
53 of the elongated body 45 by suitable means 
such as brazing at location 54 which is the same 
location at which the shaping ribbon 50 is secured 

40 to the elongated body. Preferably, the distal portion 
53 of the elongated body 45 is free to rotate within 
the twisted seal of the distal end of the balloon 44 
and means are provided to seal the distal portion 
53 therein to allow air to be vented therethrough 

45 but not inflation fluid such as shown in U.S. Patent 
4,793,350 (Mar et a/.). The proximal end of the 
catheter 40 is provided with a multiple arm adapter 
55 which has one arm 56 for directing inflation fluid 
through the inner lumen 43 and the interior of the 

50 balloon 44. The proximal end of the elongated 
body 45 extends through arm 57 and is secured to 
the torquing handle 58 which rotates the guiding 
member within the catheter 40 as the catheter is 
advanced through a patient's vascular system. The 

55 tubular member 42 may be formed of suitable 
plastic material such as polyethylene or polyimide 
or metals such as stainless steel or Nitinol. All or at 
least the distal portion of the tubular member 42 

5 
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may be formed of the superelastic NiTi type alloy 
material of the invention. 

The elongated body 11 of the guidewire 10 and 
elongated body 45 of the fixed-wire catheter 40 are 
generally about 150 to about 200 cm (typically 
about 175 cm) in length with an outer diameter of 
about 0.01 to 0.018 inch for coronary use. Larger 
diameter guidewire and guiding members may be 
employed in peripheral arteries. The lengths of the 
smaller diameter sections 14, 15 and 16 can range 
from about 5 to about 30 cm. The tapered sections 
17, 18 and 19 generally are about 3 cm in length, 
but these too can have various lengths depending 
upon the stiffness or flexibility desired in the final 
product. The helical coils 22 and 46 are about 20 
to about 40 cm in length, have an outer diameter 
about the same size as the diameter of the elon- 
gated bodies 11 and 45, and are made from wire 
about 0.002 to 0.003 inch in diameter. The last or 
most distal 1.5 to about 4 cm of the coil is ex- 
panded and preferably made of platinum or other 
radiopaque material to facilitate the fluoroscopic 
observation thereof when the guidewire or fixed 
wire catheter is inserted into a patient. The remain- 
ing portion of the coils 22 and 45 may be stainless 
steel. The transverse cross-section of the elon- 
gated bodies 1 1 and 45 is generally circular. How- 
ever, the shaping ribbons 24 and 50 and the flat- 
tened distal section 29 have rectangular transverse 
cross-sections which usually have dimensions of 
about 0.001 by 0.003 inch. 

The superelastic guiding member of the inven- 
tion, whether it is the entire elongated body 11 or 
45 or just a portion thereof, is preferably made of 
an alloy material consisting essentially of about 40 
to about 49 % titanium and the balance nickel and 
up to 10% of one or more other alloying elements. 
The other alloying elements may be selected from 
the group consisting of iron, cobalt, vanadium and 
copper. The alloy can contain up to about 10% 
copper and vanadium and up to 3% of the other 
alloying elements. The addition of nickel above the 
equiatomic amounts with titanium and the other 
identified alloying elements increase the stress lev- 
els at which the stress-induced austenite- to-marten- 
site transformation occurs and ensure that the tem- 
perature at which the martensite phase transforms 
to the austenite phase is well below human body 
temperature so that austenite is the only stable 
phase at body temperature. The excess nickel and 
additional alloying elements also help to provide an 
expanded strain range at very high stresses when 
the stress induced transformation of the austenite 
phase to the martensite phase occurs. 

A presently preferred method for making the 
final configuration of the superelastic portion of the 
guiding member is to cold work, preferably by 
drawing, a rod or tubular member having a com- 



position according to the relative proportions de- 
scribed above and then heat treating the cold 
worked product while it is under stress to impart a 
shape memory thereto. Typical initial transverse 

5 dimensions of the rod or the tubular member are 
about 0.045 inch and about 0.25 inch respectively. 
If the final product is to be tubular, a small diam- 
eter ingot, e.g. 0.25 to about 1.5 inch in diameter 
and 5 to about 30 inches in length, may be formed 

10 into a hollow tube by extruding or by machining a 
longitudinal center hole therethrough and grinding 
the outer surface thereof smooth. Before drawing 
the solid rod or tubular member, it is preferably 
annealed at a temperature .\-5 about 500 * to about 

75 750° C, typically about kuQ m C, for about 30 
minutes in a protective atmosphere such as argon 
to relieve essentially all internal stresses. In this 
manner all of the specimens start the subsequent 
thermomechanical processing in essentially the 

20 same metallurgical condition so that products with 
consistent final properties are obtained. Such treat- 
ment also provides the requisite ductility for effec- 
tive cold working. 

The stressed relieved stock is cold worked by 

25 drawing to effect a reduction in the cross sectional 
area thereof of about 30 to about 70%. The metal 
is drawn through one or more dies of appropriate 
inner diameter with a reduction per pass of about 
10 to 50%. 

30 Following cold work, the drawn wire or hollow 

tubular product is heat treated at a temperature 
between about 350* and about 600° C for about 
0.5 to about 60 minutes while simultaneously sub- 
jecting the wire or tube to a longitudinal stress 
35 between about 5% and about 50%, preferably 
about 10% to about 30% of the tensile strength of 
the material (as measured at room temperature) in 
order to impart a straight "memory" to the metal 
and to ensure that any residual stresses therein are 
40 uniform. This memory imparting heat treatment 
also fixes the austenite-martensite transformation 
temperature for the cold worked metal. By develop- 
ing a straight "memory" and maintaining uniform 
residual stresses in the superelastic material, there 
45 is little or no tendency for a guidewire made of this 
material to whip when it is torqued within a pa- 
tient's blood vessel. 

An alternate method for imparting a straight 
memory to the cold worked material includes me- 
50 chanically straightening the wire or tube and then 
subjecting the straightened wire to a memory im- 
parting heat treatment at a temperature of about 
300 to about 450 degrees C, preferably about 330 
degrees to about 400 degrees C. The latter treat- 
55 ment provides substantially improved tensile prop- 
erties, but it is not very effective on materials which 
have been cold worked above 55%, particularly 
above 60%. Materials produced in this manner 
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exhibit stress-induced austenite to martensite 
phase transformation at very high levels of stress 
but the stress during the phase transformation is 
not nearly as constant as the previously discussed 
method. Conventional mechanical straightening 
means can be used such as subjecting the material 
to sufficient longitudinal stress to straighten it. 

Fig. 4 illustrates an idealized stress-strain rela- 
tionship of an alloy specimen having superelastic 
properties as would be exhibited upon tensile test- 
ing of the specimen. The line from point A to point 
B thereon represents the elastic deformation of the 
specimen. After point B the strain or deformation is 
no longer proportional to the applied stress and it 
is in the region between point B and point C that 
the stress-induced transformation of the austenite 
phase to the martensite phase begins to occur. 
There can be an intermediate phase developed, 
sometimes called the rhombohedral phase, de- 
pending upon the composition of the alloy. At point 
C the material enters a region of relatively constant 
stress with significant deformation or strain. It is in 
this region that the transformation from austenite to 
martensite occurs. At point D the transformation to 
the martensite phase due to the application of 
tensile stress to the specimen is substantially com- 
plete. Beyond point D the martensite phase begins 
to deform, elastically at first, but, beyond point E, 
the deformation is plastic or permanent. 

When the stress applied to the superelastic 
metal is removed, the metal will recover to its 
original shape, provided that there was no perma- 
nent deformation to the martensite phase. At point 
F in the recovery process, the metal begins to 
transform from the stress-induced, unstable mar- 
tensite phase back to the more stable austenite 
phase. In the region from point G to point H, which 
is also an essentially constant stress region, the 
phase transformation from martensite back to 
austenite is essentially complete. The line from 
point I to the starting point A represents the elastic 
recovery of the metal to its original shape. 

EXAMPLE 

An elongated rod about 0.025 inch in diameter 
having a composition of 48.5% Ti and 51.5% Ni 
was drawn at about 1 foot per minute to a final 
diameter of 0.016 inch, a reduction of about 60%. 
The cold drawn wire was heat treated at 475° C 
for about 2 minutes in argon while being subjected 
to tension equal to about 25% of the room tem- 
perature yield strength and then cooled. Speci- 
mens thereof were tensile tested on a Series IX 
Instron tensile testing machine at room tempera- 
ture. The constant stress region under load (Line C 
to D on Fig. 4), where the austenite is transformed 
to martensite, was at a level of about 107 ksi and 



the constant stress region without load (Line G to H 
on Fig. 4), where the unstable martensite trans- 
forms back to austenite, was at a level of about 53 
ksi. The strain at the start of the constant stress 
5 region under load (Point C on Fig 4) was about 
2.5% and the strain at the end of the constant 
stress region under load (Point D) was about 7%. 
The load on the specimen was removed at a strain 
of 8% (Point E on Fig. 4) and the specimen re- 
70 turned to its original shape and size (Point A on 
Fig. 4) with little or no residual strain along the 
curve from point E to Point A shown in Fig 4. 

A key feature of the present invention is the 
capability of maintaining the level of the yield 
75 stress which effects the stress induced austenite- 
to-martensite transformation as high as possible, 
e.g. above 70 ksi, preferably above 90 ksi, with an 
extensive region of recoverable strain, e.g. a strain 
range of at least 4%, preferably at least 5%, which 
20 occurs during the phase transformation. 

Because of the extended strain range under 
stress-induced phase transformation which is char- 
acteristic of the superelastic material described 
herein, a guidewire made at least in part of such 
25 material can be readily advanced through tortuous 
arterial passageways. When the guidewire or guid- 
ing member of the invention engages the wall of a 
body lumen such as a blood vessel, it will deform 
and in doing so will transform the austenite of the 
30 superelastic portion to martensite. Upon the dis- 
engagement of the guidewire or guiding member, 
the stress is reduced or eliminated from within the 
superelastic portion of the guidewire or guiding 
member and it recovers to its original shape, i.e. 
35 the shape "remembered" which is preferably 
straight. The straight "memory" in conjunction with 
little or no nonuniform residual stresses within the 
guidewire or guiding member prevent whipping of 
the guidewire when it is torqued from the proximal 
40 end thereof. Moreover, due to the very high level of 
stress needed to transform the austenite phase to 
the martensite phase, there is little chance for 
permanent deformation of the guidewire or the 
guiding member when it is advanced through a 
45 patient's artery. 

The present invention provides guiding mem- 
bers for guidewires and fixed wire catheters which 
have superelastic characteristics to facilitate the 
advancing thereof in a body lumen. The guiding 
so members exhibit extensive, recoverable strain re- 
sulting from stress induced phase transformation of 
austenite to martensite at exceptionally high stress 
levels which greatly minimizes the risk of damage 
to arteries during the advancement therein. 
55 The superelastic tubular members of the 

present invention are particularly attractive for use 
in a wide variety of intravascular catheters, such as 
fixed-wire catheters wherein the Nitinol hypotubing 
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having superelastic properties may be employed to 
direct inflation fluid to the interior of the dilatation 
balloon. In this case a guiding member may be 
secured to the distal end of the superelastic Nitinol 
tubing and extend through the interior of the inflat- 
able balloon and out the distal end thereof. The 
guiding member may also be made of the super- 
elastic Nitinol of the invention. 

Superelastic hypotubing generally has been 
found to have a slightly lower stress level com- 
pared to wire when the austenite is transformed to 
martensite. However, this stress level is above 40 
ksi and is usually above 70 ksi. 

The Nitinol hypotubing of the invention gen- 
erally may have an outer diameter from about 0.05 
inch down to about 0.006 inch with wall thicknesses 
of about 0.001 to about 0.004 inch. A presently 
preferred superelastic hypotubing has an outer di- 
ameter of about 0 012 inch and a wall thickness of 
about 0.002 inch 

While the above description of the invention is 
directed to presently preferred embodiments, var- 
ious modifications and improvements can be made 
to the invention without departing therefrom. 

Claims 

1. An intravascular guidewire comprising 

a) an elongated member having a proximal 
portion and a distal portion and being 
formed at least in part of an superelastic 
alloy having an austenite phase which is 
stable at a temperature below body tem- 
perature, which transforms to a martensite 
phase at a stress above about 70 ksi and 
which exhibits a strain of at least about 4% 
from the stress applied to induce the 
austenite to martensite phase transforma- 
tion; 

b) a flexible body disposed about the distal 
portion; and 

c) means on the proximal end of the elon- 
gated member to torque this member and 
transmit such torque to the distal end of the 
guidewire. 

2. The guidewire of claim 1 wherein the distal 
section of the elongated member terminates 
short of the distal extremity of the guidewire 
and a shaping ribbon extends from the distal 
end of the elongated member to a rounded 
plug on the distal end of the flexible body. 

3. The guidewire of claim 1 wherein the super- 
elastic portion has a straight memory. 

4. A superelastic body formed of an alloy having 
an austenite phase which is stable at a desired 



operating temperature, which will transform to 
martensite phase upon the application thereto 
of a stress, the body exhibiting a recoverable 
strain of at least about 4% upon the application 
5 of the stress which induces the austenite-to- 

martensite phase transformation. 

5. The body of claim 4 wherein the body exhibits 
a strain of at least about 5%. 

w 

6. The body of claim 5 wherein the strain of the 
body during the transformation from the 
austenite phase to the martensite phase is 
within the range of about 2% to about 8%. 

75 

7. The body of claim 4 wherein the austenite-to- 
martensite transformation occurs at a relatively 
constant yield stress above about 90 ksi. 

20 8. The body of claim 4 wherein the alloy consists 
essentially of about 40 to about 49% titanium 
and the balance nickel and up to 10% of other 
alloying elements. 

25 9. The body of claim 8 wherein the other alloying 
elements are selected from the group consist- 
ing of iron, cobalt, vanadium and copper. 

10. The body of claim 9 wherein the alloy contains 
30 vanadium or copper in amounts up to about 

10% and the other alloying elements in 
amounts up to about 3%. 

11. The body of claim 4 wherein the distal portion 
35 thereof has a plurality of sections which have 

progressively smaller cross-sections in the dis- 
tal direction. 

12. The body of claim 4 further comprising a flexi- 
40 ble member disposed about the distal portion 

thereof. 

13. The body of claim 12 wherein the flexible 
member is a helical coil with a rounded plug 

45 on the distal end thereof. 

14. The body of claim 4 wherein a lubricous poly- 
mer coating covers at least a portion thereof. 

so 15. The body of claim 4 wherein the elongated 
body terminates short of the distal end of the 
flexible member and a shaping ribbon extends 
from the distal end of the elongated body to 
the distal end of the flexible body. 

55 

16. A fixed-wire balloon angioplasty catheter com- 
prising: 

a) an elongated catheter body with an inner 
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lumen extending therein; 

b) an inflatable balloon on the distal extrem- 
ity of the catheter body and having an inte- 
rior in fluid communication with the inner 
lumen of the catheter body; and 5 

c) a guiding member which is disposed 
within the inner lumen of the catheter body 
and which is formed at least in part of a 
superelastic alloy having an austenite phase 
which is stable at a temperature below body io 
temperature and which transforms to mar- 
tensite at a stress above about 70 ksi, the 
body exhibiting a strain of at least about 4% 
upon the application of the stress which 
induces the austenite phase to transform 75 
martensite phase. 

17. A method of forming a superelastic elongated 
member having a straight memory comprising: 

providing an elongated member formed of 20 
an alloy consisting essentially of about 40 to 
about 49% titanium and the balance nickel and 
up to about 10% of an element selected from 
the group consisting of iron, cobalt, chromium 
and vanadium; 25 

cold working the elongated member to ef- 
fect a size reduction of about 30 to about 70%; 
and 

heat treating the cold worked elongated 
member at a temperature between about 350 30 
and about 600° C while subjecting the cold 
worked elongated member to a longitudinal 
tension of about 5 to about 50% of the yield 
strength of the metal. 

35 

18. A method of forming a superelastic elongated 
member having a straight memory comprising: 

providing an elongated member formed of 
an alloy consisting essentially of about 40 to 
about 49% titanium and the balance nickel and 40 
up to about 10% of an element selected from 
the group consisting of iron, cobalt, chromium 
and vanadium; 

cold working the elongated member to ef- 
fect a size reduction of about 30 to about 60%; 45 

mechanically straightening the cold worked 
elongated member; 

heat treating the straightened, cold worked 
elongated member at a temperature between 
about 300 and about 400* C. 50 



0.5 to about 60 minutes. 

21. The device of any one of claims 4 to 14 further 
comprising an elongated tubular body suitable 
tor use in a medical device within a human 
body having a continuous cylindrical wall defin- 
ing an inner lumen therein which is formed at 
least in part of said superelastic alloy. 

22. The tubular body of claim 21 wherein the 
stress level at which the austenite phase trans- 
forms to the martensite phase at a relatively 
constant level is above 70 ksi. 

23. The device of any one of claims 4 to 14 and 
22 further comprising an elongated body for 
intravascular devices having a straight memory 
and being formed of said alloy. 

24. The tubular body of claim 23 having an outer 
diameter of about 0.006 to about 0.05 inch and 
a wall thickness of about 0.001 to about 0.004 
inch. 



19. The method of claims 17 or 18 which includes 
the step of heat treating the elongated member 
to relieve internal stress prior to the cold work- 
ing thereof. 



55 



20. The method of claims 17 or 18 wherein the 
cold-worked metal is heat treated from about 
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© Superelastic guiding member. 



© An improved guiding member for advancing a 
catheter within a body lumen having a unique com- 
bination of superelastic characteristics. The super- 
elastic alloy material has a composition consisting of 
titanium and nickel and may have one or more 
elements selected from the group consisting of iron, 
cobalt, vanadium and copper. The alloy material is 
cold worked and then heat treated at a temperature 
well above the austenite-to-martensite transformation 
temperature, while being subjected to longitudinal 



stresses equal to about 5 to about 50% of the room 
temperature yield stress to impart to the metal a 
straight "memory". The guiding member using such 
improved material exhibits a stress- 
inducedaustenite-to-martensite phase transformation 
at an exceptionally high constant yield strength of at 
least 90 ksi for solid members and at least 70 ksi for 
tubular members with a broad recoverable strain of 
at least about 4% during the phase transformation. 
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